Dopamine (DA) functions as an essential neuromodulator in the brain and retina such that disruptions in the dopaminergic system are associated with common neurologic disorders such as Parkinson's disease. Although a reduction in DA content has been observed in diabetes, its effects in the development of diabetes-induced neuropathy remains unknown. Because the retina is rich in DA and has a well known diabetes-induced pathology (diabetic retinopathy or DR), this study was designed to examine the role of retinal DA deficiency in early visual defects in DR. Using rodent models of type 1 diabetes mellitus, we investigated whether diabetes caused a reduction in retinal DA content in both rats and mice and determined whether restoring DA levels or activating specific DA receptor pathways could improve visual function (evaluated with optokinetic tracking response) of diabetic mice, potentially via improvement of retinal function (assessed with electroretinography). We found that diabetes significantly reduced DA levels by 4 weeks in rats and by 5 weeks in mice, coincident with the initial detection of visual deficits. Treatment with L-DOPA, a DA precursor, improved overall retinal and visual functions in diabetic mice and acute treatment with DA D1 or D4 receptor agonists improved spatial frequency threshold or contrast sensitivity, respectively. Together, our results indicate that retinal DA deficiency is an underlying mechanism for early, diabetes-induced visual dysfunction and suggest that therapies targeting the retinal dopaminergic system may be beneficial in early-stage DR.
Introduction
The catecholamine dopamine (DA) is a crucial neurotransmitter in both the brain and retina. DA is synthesized from tyrosine via L-3,4-dihydroxyphenylalanine (L-DOPA), with the enzyme tyrosine hydroxylase (TH) being the rate-limiting step (Björklund and Dunnett, 2007; Fernstrom and Fernstrom, 2007) . In addition to regulating a host of neural processes that include motor, cognition, and retinal function (Witkovsky, 2004) , retinal DA directly modulates multiple aspects of light-adapted vision through activation of selective receptors and retinal pathways (Jackson et al., 2012) . Although studies have investigated the role of DA malfunction on visual deficits in multiple disorders (e.g., Parkinson's disease and schizophrenia; Brandies and Yehuda, 2008) , its potential contribution to the pathogenesis of diabetic retinopathy (DR), a leading cause of vision impairment in working-age adults (King et al., 1998; Congdon et al., 2003; Klein, 2007) , remains unclear.
Historically, DR has been primarily considered a vascular disorder due to its association with late-stage structural defects of the retinal vasculature (Cai and Boulton, 2002) . Typically, after decades of hyperglycemia, increasing retinal vascular occlusions produce ischemia that drives an aggressive neovascularization response (also known as proliferative DR) and/or macular edema (Frank, 2004) . These late-stage vascular lesions are the direct antecedents of severe vision loss associated with DR. Although clinical research has emphasized retinal vascular changes in diabetes, retinal neuronal dysfunction that predates clinically detectable vascular lesions is increasingly recognized (Barber, 2003; Antonetti et al., 2006) . Electroretinogram (ERG) responses are consistently diminished and delayed in diabetic patients without vascular pathologies (Ghirlanda et al., 1997; Shirao and Kawasaki, 1998) . Moreover, several neuronal cell types are less abundant in diabetic retinas compared with age-matched control retinas (Abu-El-Asrar et al., 2004; Martin et al., 2004; Abu El-Asrar et al., 2007; Fletcher et al., 2007; Kern and Barber, 2008 ). In addition, diabetic patients with angiographically normal retinas experience subtle visual dysfunction, including abnormal color vision and decreased contrast sensitivity (Jackson and Barber, 2010) . Similar early visual dysfunctions have been consistently replicated in rodent models of diabetes (Kirwin et al., 2011; Akimov and Rentería, 2012; Muir et al., 2012; Aung et al., 2013) . Although most reports emphasize the potential role of retinal defects as a contributing factor for the visual deficits, little is known about the underlying mediator(s).
Interestingly, disruption in the retinal dopaminergic system has also been observed in diabetes. DA levels are reduced in diabetic rat retinas at 1 month after diabetic induction (Nishimura and Kuriyama, 1985) . Furthermore, loss of TH-positive retinal neurons has been reported after 6 months of diabetes (Gastinger et al., 2006) . Because retinal DA modulates ERG and visual function (Herrmann et al., 2011; Jackson et al., 2012) , we hypothesized that diabetes causes reduced retinal DA content, which then leads to the visual dysfunction observed in early-stage DR. To test this hypothesis, we evaluated the effects of diabetes on retinal DA levels in our diabetic rodent models. We then determined whether chronic restoration of DA levels or acute activation of specific DA receptor pathways ameliorated early diabetesassociated visual deficits.
Materials and Methods
Animals and experimental design. All animals were housed in ventilated cages on a 12 h light-dark cycle (light onset at 6:00 A.M.) with food and water provided ad libitum. All procedures were approved by the Atlanta VA Institutional Animal Care and Use Committee and conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Comparison of dopamine levels between control and diabetic animals. Diabetes was induced in 2-month-old male Long-Evans rats (Charles River Laboratories) with a single intravenous injection of streptozotocin (STZ: 100 mg/kg; Sigma-Aldrich) dissolved in citrate buffer/50% glucose solution (8:1 ratio), serving as a model for type 1 diabetes mellitus (DM). Age-matched male control (CTRL) rats were injected with citrate buffer/ 50% glucose solution alone. Diabetes was defined as two successive daily blood glucose levels Ͼ250 mg/dL (determined with hand-held blood glucose meter from tail-prick blood; Clee and Attie, 2007), which occurred routinely 2-3 d after STZ injection. Weight and blood glucose levels of the animals were monitored twice a week for the entire duration of the experiment. When DM rats were found to be losing weight, they were treated with a pellet of sustained-release subcutaneous insulin (Linplant; Linshin Canada) at a dose adequate to prevent weight loss but insufficient to control hyperglycemia (13 Ϯ 3 mg/pellet with a release rate of ϳ2 U/d; Thulé et al., 2006) . Rats were maintained for either 4 or 12 weeks (n ϭ 6 per treatment group at each time point).
To assess the effects of diabetes on retinal DA content in mouse, 1.5month-old male CD-1 albino mice (Charles River Laboratories) were injected intraperitoneally daily for 5 consecutive days with either vehicle (citrate buffer/50% glucose solution in 8:1 ratio) or STZ (50 mg/kg). Diabetes was defined similar to the rat experiment described above (successive blood glucose levels of Ͼ250 mg/dL). Weight and blood glucose levels of the animals were also monitored twice a week. DM mice that lost Ͼ10% body weight were given an intraperitoneal injection of 1 U of insulin (NovoLog; Novo Nordisk) diluted 1:10 in Ringer's solution to prevent catabolic weight loss. Both CTRL and DM mice (n ϭ 8 per treatment group) were then followed for 5 weeks.
All animals, both rats and mice, were killed between 4 and 6 h after light onset to prevent diurnal differences in DA and 3,4dihydroxyphenyl-acetic acid (DOPAC, a major metabolite of DA that is catalyzed by the enzyme monoamine oxidase) levels (Nir et al., 2000; Witkovsky, 2004) . Retinas were collected into amber tubes, stored at Ϫ80°C, and analyzed for DA and DOPAC levels using HPLC with coulometric detection, as described in Dopamine and DOPAC analysis section, below.
Chronic treatment with L-DOPA. In this experiment, we used 2-month-old pigmented mice on C57 background (mixture of males and females) with tyrosine hydroxylase (Th) and consequently with DA selectively deleted in the retina. As described previously (Jackson et al., 2012) , these mice were created by crossing Chx10-Cre recombinaseexpressing mice with mice expressing floxed Th gene. Wild-type mice (Th loxP/loxP , herein referred to as WT) and conditional Th knock-out (Chx10-Cre:Th loxP/loxP , herein referred to as rTHKO) mice were rendered diabetic, with repeated STZ (50 mg/kg). DM mice that lost Ͼ10% body weight were given an intraperitoneal injection of 1 U of insulin (NovoLog; Novo Nordisk) diluted 1:10 in Ringer's solution to prevent cachexia. CTRL mice were injected with citrate buffer/50% glucose solution. CTRL and DM mice of both WT and rTHKO genotypes then received daily intraperitoneal injections of either L-DOPA (10 mg/kg; Sigma-Aldrich) dissolved in 0.1% ascorbic acid in saline solution or vehicle alone (Veh) between 4 and 8 h after light onset. The treatment injections (vehicle and L-DOPA) were initiated when majority of the DM animals had elevated blood glucose levels of Ͼ250 mg/dL. The sample size for each treatment group is shown in the figure legends or captions. L-DOPA was made fresh daily at a concentration of 1 mg/ml. Mice were maintained for 6 weeks, with their visual function assessed weekly and retinal function assessed with ERG at the 5-week time point. All functional tests were conducted 30 min to 1 h after L-DOPA or vehicle injection.
Acute treatment with selective dopamine receptor agonists. Diabetes was induced in 2-month-old pigmented male WT mice (n ϭ 7) with repeated STZ (50 mg/kg). Pigmented mice were used in this experiment due to lack of OKT responses from albino mice (Puk et al., 2008) . After 8 weeks of diabetes, all mice were successively injected intraperitoneally once with the following: (1) D1 receptor agonist SKF38393 (1 mg/kg; Tocris Biosciences), (2) vehicle (0.9% NaCl solution), and (3) D4 receptor agonist PD168077 (1 mg/kg; Tocris Biosciences; Jackson et al., 2012) . There was 1-2 d interval between each treatment to clear the previous drug effects, which should be adequate because the half-lives of SKF38393 and PD168077 are ϳ1-3 h (Jackson et al., 1988; Moreland et al., 2005) . Spatial frequency thresholds and contrast sensitivity levels were measured 30 min after each treatment.
Visual psychophysical testing. Visual function of each animal was tested using the virtual optokinetic system (OptoMotry system; Cerebral-Mechanics), as described previously (Douglas et al., 2005; Aung et al., 2013) . Briefly, the animal was placed on a platform surrounded by four computer monitors that displayed vertical sine wave gratings rotating at 12 degrees/s. A video camera positioned above the animal allowed an observer to determine the presence or absence of visual tracking. Tracking was defined as slow head movements in the same direction and speed as the rotating gratings. For spatial frequency threshold assessment, the grating started at a spatial frequency of 0.042 cycles/degree with 100% contrast and increased in a staircase paradigm until the response threshold was crossed three times. Similarly, contrast sensitivity was determined by reducing the contrast between the black and white gradients from 100% in a staircase paradigm until animal head-tracking movements were no longer observed. Contrast sensitivity was measured at the spatial frequency of 0.064 cycles/degree for all animals in the study. This was the spatial frequency that elicited the maximal sensitivity from both rats and mice at baseline (data not shown). The contrast sensitivity was calculated as a reciprocal of the Michelson contrast from the screen's luminance [i.e., (maximum ϩ minimum)/(maximum Ϫ   Table 1 . Sequences of the primers used in RT-PCR reactions for genes of interest
Gene of interest
Primer sequence
minimum)], as described previously (Prusky et al., 2006) . All OKTs were done 30 min to 1 h after any treatment given (vehicle, L-DOPA, or DA receptor agonists), which usually occurred between 5 and 10 h after light onset.
Retinal function test. To assess retinal function with ERG, we performed dark-adapted ERG luminance series and light-adapted flicker exposure. All ERGs were done 30 min to 1 h after any treatment given (vehicle or L-DOPA), which usually occurred between 5 and 10 h after light onset. In brief, mice were dark adapted overnight and then prepared under dim red illumination. After being anesthetized with ketamine (80 mg/kg) and xylazine (16 mg/kg), we dilated the pupils (1% tropicamide) and numbed the corneal surface (0.5% tetracaine HCl). Using a gold loop electrode, darkadapted responses were recorded with a signal averaging system (UTAS BigShot; LKC Technologies) to flash stimuli presented in order of increasing luminance (scotopic: Ϫ3.0 to 2.1 log ⅐ cd ⅐ s/m 2 ), so that rod-dominated and mixed rods and cones responses could be isolated.
To further isolate the cone pathway function, mice were then exposed to a steady background adapting field (30 cd/m 2 ) for 10 min to saturate the rod photoreceptors. After the light-adaptation period, animals were presented with 2.0 log ⅐ cd ⅐ s/m 2 flicker stimuli at 6 Hz in the presence of the background light. Responses were recorded using the same signal averaging system (UTAS BigShot; LKC Technologies). After testing, rats received yohimbine (2.1 mg/kg) to reverse the effects of xylazine and to prevent corneal ulcers (Turner and Albassam, 2005).
Figure 1.
Diabetes results in reduced retinal DA content. A, Overall, DM rats exhibited significantly reduced DA levels compared with CTRL animals (main treatment effect: p Ͻ 0.001). There was also a significant age-dependent increase in DA levels of all animals (main duration effect: p Ͻ 0.01). B, Regardless of diabetes status, rats had significantly higher DOPAC levels at the 12-week time point than at the 4-week time point (main duration effect: p Ͻ 0.001). DM animals showed a trend toward lower DOPAC levels compared with CTRL animals at the 12-week time point. C, Metabolism of DA to DOPAC did not differ between CTRL and DM animals. No significant change in the DOPAC/DA ratio was detected due to diabetes in Long-Evans rats. However, there was an increase in dopamine metabolism due to age (main duration effect: p ϭ 0.001). Data were analyzed offline. For the dark-adapted ERG responses, amplitudes and implicit times were measured for both a-and b-waves. For the light-adapted ERG responses, amplitudes of the flicker responses were measured from the trough of the signal after the flash onset to the peak. Implicit times were determined from flash onset to the peak.
Dopamine and DOPAC analysis. DA and DOPAC levels were assessed by ion-pair reverse-phase HPLC with coulometric detection, as described previously (Pozdeyev et al., 2008) . Frozen retinas were homogenized in 0.2 N HClO 4 solution containing 0.01% sodium meta-bisulfate and 25 ng/ml 3,4dihydroxybenzylamine hydrobromide as an internal standard and centrifuged. Each supernatant fraction was separated on an Ultrasphere ODS 5 m 250 ϫ 4.6 mm column (Beckman Coulter) with a mobile phase containing 0.1 M sodium phosphate, 0.1 mM EDTA, 0.35 mM sodium octylsulfate, and 6% acetonitrile, pH 2.7. The DA and DOPAC signals from each sample were quantified using a detection curve established by standards ranging from 2 to 20 ng/ml. Levels of DA and DOPAC were then presented as picograms of DA or DOPAC per retina.
RT-PCR analysis. Single retinas were placed in a 1.5 ml tube and homogenized with 50 l of zirconium oxide beads (0.5 mm) and 100 l of TRIzol in a Bullet Blender (Next Advance) for 3-6 min. Chloroform (20 l of CHCl 4 ) was added to each sample, shaken, and then centrifuged for 15 min at 4°C. The RNA-containing aqueous phase was then transferred to a fresh tube and cleaned using an RNA purification kit (RNeasy Mini; Qiagen) according to the manufacturer's instructions using a final elution volume of 30 l. For each sample, 1 g of RNA was reverse transcribed to cDNA with the QuantiTect kit (Qiagen). The resulting cDNA was diluted 1:20 with water and 1.5 l was used in each quantitative real-time PCR (RT-PCR). RT-PCRs were performed in a 10 l volume with SYBR green 2ϫ Master Mix (Bio-Rad) in a RealPlex 4 cycler (Eppendorf North America). The primer sequences are listed in Table 1 . Conditions for the RT-PCRs were 95°C, 3 min; 40 cycles of 94°C, 30 s denaturation; 65°C, 30 s annealing; 72°C, 30 s extension; 72°C, 7 min, with fluorescence recorded at the end of each 72°C extension. Melt curve analysis conditions were heating from 55 to 95°C in 0.5°C increments, 15 s per increment, with fluorescence recorded at each increment. The cycle threshold (Ct) value of each reaction was determined as the cycle number in which the log increasing fluorescence intersects the threshold level as determined by the software. Three replicates were performed for each cDNA sample-primer pair combination and the average Ct was calculated. Using 18S as the internal control, the expression of each gene of interest was calculated from the average PCR cycle thresholds using the 2 Ϫ⌬Ct method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008) . The fold change of the gene expression was further calculated by taking the ratio of the 2 Ϫ⌬Ct average of the treatment group over the 2 Ϫ⌬Ct average of the control group.
Statistical analysis. Statistical analysis was performed using commercial statistical software (SigmaStat 3.5; Aspire Software International). Two-way repeated-measures ANOVAs were used to compare DA and DOPAC levels and visual function of treatment groups across time points after STZ injection. For ERG analysis, one-way ANOVAs were used to compare between treatment groups. Due to a failed normality test for the analysis of the efficacy of systemic L-DOPA treatment in increasing retinal DA content, one-way ANOVAs on rank were used instead to compare between treatment groups. Post hoc multiple comparisons for all ANOVA tests were performed when appropriate with p-value corrected with the rough false discovery rate method (RFDR), calculated as p*(#testsϩ1)/(2*(#tests). For DA and DOPAC analysis in mice, Student's t test was performed to determine whether retinal DA content differed between the experimental groups. For RT-PCR analysis, multiple Student's t tests were used to determine whether the expressions of the treatment groups were different from the control group, with the critical levels corrected with RFDR method. All analyses were performed with a priori significance set at ␣Ͻ0.05 (*p Ͻ 0.05; **p Ͻ 0.01; *** p Ͻ 0.001). All data are presented as mean Ϯ SEM.
Results

Diabetes resulted in significant reduction in retinal dopamine level
To assess the effects of diabetes on retinal DA levels, we rendered rats diabetic for either 4 or 12 weeks and compared their retinal DA levels with age-matched CTRL rats. All rats receiving STZ became hyperglycemic with reduced weight compared with . Chronic L-DOPA treatment delays early diabetes-induced visual dysfunction. A, DM WT ϩ Veh mice showed significant reductions in spatial frequency threshold from CTRL animals as early as 3 weeks after STZ ( post hoc comparison, p Ͻ 0.001). In contrast, the visual deficits appeared in DM WT ϩ L-DOPA mice starting at 4 weeks after STZ ( post hoc comparison, p Ͻ 0.01) with a slower and less severe progression. B, Contrast sensitivities were also significantly reduced in DM WT ϩ Veh mice ( post hoc comparison, p Ͻ 0.001) at 4 weeks after STZ, whereas DM WT ϩ L-DOPA mice only exhibited a slight decrease in sensitivity at 6 weeks after STZ ( post hoc comparison, p Ͻ 0.05). The color of the asterisk indicates the treatment group for which significance was reached, with the exception of the black asterisk, which refers to both CTRL WT ϩ Veh and CTRL WT ϩ L-DOPA groups. Note that the y-axis does not start at zero; it is modified to more clearly show the differences between treatment groups.
citrate-buffer-treated rats (Table 2) . Overall, DA levels were significantly decreased in DM rats compared with CTRL rats (main treatment effect: F (1,17) ϭ 38.233, p Ͻ 0.001; Fig. 1A ). DA levels also increased as the animals aged, regardless of diabetes status (main duration effect: F (1,17) ϭ 9.407, p ϭ 0.007; Fig. 1A ). Moreover, DA reduction worsened from ϳ25% at the 4-week time point to 32% at the 12-week time point. Interestingly, only age, not diabetes, altered the levels of DOPAC (main duration effect: F (1,17) ϭ 16.796, p Ͻ 0.001; Fig. 1B ). In terms of DA metabolism, the ratio of DA to DOPAC was not significantly altered due to diabetes, but did increase as the animals aged (main duration effect: F (1,17) ϭ 15.492, p ϭ 0.001; Fig. 1C ). Next, we assessed whether similar DA reduction occurred in DM mice. All mice injected with repeated low-dose STZ developed diabetes and maintained it throughout the experiment (Table 2) . More importantly, similar to DM rats, DM mice had significantly lower DA levels, an ϳ15% reduction, compared with CTRL mice (Student's t value ϭ 2.312, p ϭ 0.039; Fig. 2A ) at the 5-week time point. No significant differences were found in DOPAC levels or DOPAC/DA ratios between the two groups ( Fig. 2B,C) . These results confirmed that diabetes leads to diminished retinal DA levels, as was reported previously (Nishimura and Kuriyama, 1985) .
Restoring DA content delayed diabetesinduced visual dysfunction
To examine whether DA deficiency causes visual deficits in early DR, we investigated the effects of restoring DA levels with L-DOPA on visual function of DM mice. All STZ-treated DM mice were significantly hyperglycemic compared with CTRL mice (Table 2) . Similar to our previous report in STZ-induced diabetic rats (Aung et al., 2013), DM WT ϩ Veh mice exhibited significantly reduced spatial frequency thresholds (interaction effect: F (12,82) ϭ 4.644, p Ͻ 0.001; Fig. 3A ) and contrast sensitivities (interaction effect: F (12,82) ϭ 6.425, p Ͻ 0.001; Fig. 3B ), as early as 3-4 weeks after STZ. Moreover, the severity of visual deficits progressed over time. The deficit in spatial frequency threshold of DM WT ϩ Veh group (compared with CTRL WT ϩ Veh group) worsened from 7.0% at 3 weeks after STZ to 12.3% at 6 weeks after STZ, whereas the reduction in contrast sensitivity deteriorated from 12.8% at 3 weeks after STZ to 43.6% at 6 weeks after STZ. Conversely, the onset and progression of visual dysfunction was significantly delayed by chronic L-DOPA treatment (Fig. 3) . The reduction in spatial frequency threshold of DM WT ϩ L-DOPA group progressed from 2.4% at 3 weeks after STZ to 7.2% at 6 weeks after STZ, whereas the deficit in contrast sensitivity was only significant at 6 weeks after STZ, with an 18.0% reduction from CTRL animals. For comparison, L-DOPA treatment in CTRL mice did not cause significant changes in either spatial frequency threshold or contrast sensitivity. Furthermore, we did not observe any behavioral side effects such as dyskinesia with our current dosage of L-DOPA (10 mg/kg daily) in either CTRL or DM mice. We were cautious to select a dosage that was lower than the typical dosage used to induce dyskinesia (25 mg/kg; Cao et al., 2010; DM rTHKO ϩ L-DOPA mice had significantly higher spatial frequency thresholds than DM rTHKO ϩ Veh mice throughout the study duration ( post hoc comparison, p Ͻ 0.001). Moreover, L-DOPA treatment in rTHKO mice significantly delayed the onset and slowed the progression of diabetes-induced impairment of spatial frequency threshold, which was only significant at 6 weeks after STZ ( post hoc comparison, p Ͻ 0.05). D, Similar to findings in spatial frequency threshold, DM rTHKO ϩ L-DOPA mice exhibited significantly better contrast sensitivities than DM rTHKO ϩ Veh ( post hoc comparison, p Ͻ 0.001). The severity of perturbations in contrast sensitivity due to diabetes was also diminished in DM rTHKO ϩ L-DOPA mice compared with DM WT ϩ Veh mice ( post hoc comparison, p Ͻ 0.05). The color of the asterisk indicates the treatment group for which significance was reached. Note that the y-axis does not start at zero; it is modified to more clearly show the differences between treatment groups. 
Retinal dysfunction underlies the dopamine-mediated visual deficits in diabetes
Because systemic injections of L-DOPA affect both brain and retinal dopaminergic systems, we tested the role of retinal DA deficiency underlying visual deficits in early-stage DR by assessing the effects of diabetes in mice with loss of retinal DA (rTHKO mice). We hypothesized that reduced retinal DA content is a major contributing factor to the early visual deficits, so diabetes in rTHKO mice should not result in a further decline in their visual function. First, we found that rTHKO mice had reduced spatial frequency thresholds (10.4% lower than CTRL; Fig.  4 A, C) and contrast sensitivities (39.3% lower than CTRL; Fig. 4 B, D) at baseline (before diabetes induction), which were similar in severity, as described previously (Jackson et al., 2012) . More importantly, visual function of the DM rTHKO ϩ Veh group did not further deteriorate after induction of diabetes and maintained the same level of deficit compared with the CTRL group throughout the study period ( Fig. 4 A, B) . Although DM rTHKO ϩ Veh mice began the study with significantly lower spatial frequency thresholds (interaction effect: F (12,95) ϭ 8.861, p Ͻ 0.001; Fig. 4A ) and contrast sensitivities (interaction effect: F (12,95) ϭ 13.348, p Ͻ 0.001; Fig. 4B ) than those of DM WT ϩ Veh mice, the visual function levels of both groups began to coincide starting at 3 weeks after STZ. To show that DA defi- ciency could account for the visual dysfunctions observed in DM rTHKO mice, we treated a separate cohort of DM rTHKO mice with L-DOPA. As shown in Figure 4 , C and D, L-DOPA treatment significantly improved visual functions of DM rTHKO ϩ L-DOPA mice that lasted for the duration of the study ( post hoc comparison, p Ͻ 0.001).
To validate that daily intraperitoneal injections of L-DOPA were able to increase retinal DA levels, we measured retinal dopamine contents of the following four groups of animals: CTRL WT ϩ Veh, CTRL WT ϩ L-DOPA, DM rTHKO ϩ Veh, and DM rTHKO ϩ L-DOPA. As expected, the retinal TH deficiency in the rTHKO mice greatly diminished DA levels compared with both CTRL groups (one-way ANOVA with ranks, H ϭ 12.092 with 3 degrees of freedom, p ϭ 0.007; Table 3 ). Conversely, L-DOPA treatment was able to restore the retina DA contents of rTHKO mice to levels comparable to those of CTRL animals. L-DOPA did not significantly increase the DA levels of CTRL mice. Overall, these results provide evidence that retinal DA reduction contributes to the visual defects in early-stage DR and that restoration of retinal DA content with L-DOPA treatment can slow the onset and progression of visual loss.
To confirm our previous hypothesis that retinal dysfunction in early-stage DR contributes to visual deficits (Aung et al., 2013) and to further support a role for retinal DA deficiency in the visual deficits, we investigated whether L-DOPA treatment improved retinal function as well (assessed by ERG). Because OKT responses were recorded under photopic conditions, we first examined isolated cone pathway function by exposing lightadapted animals to flicker stimuli. The CTRL group shown here and in subsequent RT-PCR analyses includes both CTRL WT ϩ Veh and CTRL WT ϩ L-DOPA animals because no significant differences were detected between them. We found that flicker responses in DM WT ϩ Veh mice were significantly reduced (interaction effect: F (4,33) ϭ 6.032, p Ͻ 0.01; Fig. 5B ) and delayed (interaction effect: F (4,33) ϭ 3.621, p Ͻ 0.05; Fig. 5C ) compared with the CTRL animals. More importantly, L-DOPA treatment ameliorated these deficits, restoring the flicker responses of DM WT ϩ L-DOPA mice to levels similar to those of CTRL animals (Fig. 5 ). In mice with retinal DA deficiency (DM rTHKO ϩ Veh), we observed an even greater reduction ( post hoc comparison, p Ͻ 0.001) and delay ( post hoc comparison, p Ͻ 0.01) in flicker responses compared with CTRL mice (Fig. 5 ). Once again, administering L-DOPA was able to partially restore cone pathway functions of DM rTHKO mice to CTRL levels (Fig. 5) .
To determine whether L-DOPA treatment was also beneficial for rod pathway function, we conducted dark-adapted ERGs on the same groups of animals. First, no consistent differences were observed in the a-waves, indicating no alterations in the photoreceptoral response at such early stages of diabetes (data not shown). Next, we examined the postreceptoral function (i.e., b-wave) of these animals. We found that DM WT ϩ Veh animals exhibited significantly delayed b-waves from both CTRL and DM WT ϩ L-DOPA groups under both dim (rods-dominated response: F (2,20) ϭ 3.688, p ϭ 0.042; Fig. 6 A, B) and bright (mixed rods and cones response: F (2,20) ϭ 8.311, p ϭ 0.002; Fig. 6C,D) flashes. Importantly, L-DOPA treatment reversed the ERG deficits, because no significant difference was detected in the implicit times of the b-waves between CTRL and DM WT ϩ L-DOPA groups. When we repeated the experiment with rTHKO animals, we found that the implicit times of the b-wave responses of DM rTHKO ϩ Veh group under both dim (111.6 Ϯ 8.0 ms) and bright (92.9 Ϯ 8.1 ms) flashes were indistinguishable from those of DM WT ϩ Veh group (dim: 110.4 Ϯ 4.4 ms and bright: 91.1 Ϯ 3.1 ms; Fig. 6 ). Administration of L-DOPA to rTHKO mice showed a strong, although not statistically significant, trend for improvement in b-wave implicit times under both dim and bright stimuli (Fig. 6 ). In terms of b-wave amplitude, we found that both groups of DM rTHKO mice (ϮL-DOPA) showed significantly reduced responses from the CTRL WT animals at both dim (F (4,34) ϭ 4.497, p ϭ 0.005) and bright (F (4,34) ϭ 3.197, p ϭ 0.025) flash stimuli (data not shown). Nonetheless, these additional analyses replicated our previous findings of early inner retinal dysfunctions in both rod and cone pathways due to diabetes (Aung et al., 2013) . Collectively, the ERG data also reinforce our hypotheses that retinal dysfunction may partially underlie early diabetes-associated visual defects and that L-DOPA therapy was able to improve retinal function and thereby slow the progression of visual loss.
Retinal transcript levels of key dopamine proteins unchanged with diabetes
Because our results showed that diabetes produced retinal DA deficiency, we were interested in determining whether changes in Th transcript levels may mediate this pathology. Using real-time RT-PCR, we found that diabetes did not significantly alter Th levels (Fig. 7, Table 4 ), although L-DOPA treatment resulted in a trend for Th downregulation. The specificity of our Th primers was confirmed, because we found a Ͼ4-fold reduction in Th Figure 7 . mRNA levels of the examined dopaminergic system-related genes. rTHKO mice had significantly lower expressions of Th than CTRL WT mice (t test, p Ͻ 0.01). Diabetes in DM WT mice did not induce a significant change in mRNA levels of Th, Drd1, or Drd4 compared with the CTRL WT mice. Interestingly, L-DOPA treatment caused a downregulation of Drd4 (t test, p Ͻ 0.05), but not of Drd1, in DM WT mice compared with CTRL WT mice. Note that the y-axis refers to averaged 2 Ϫ⌬Ct values, with ⌬Ct calculated by subtracting cycle threshold (Ct) of 18S from Ct of gene of interest (GOI). The asterisk indicates significant difference between the respective treatment group and the CTRL WT group. Significances depicted here reflect those indicated in Figure 7 . *Significant difference between the respective treatment group and the CTRL WT group. Table 4 ) regardless of L-DOPA treatment. Next, we were interested in determining whether diabetes affected transcript levels of DA receptors, specifically D1 receptor (Drd1) and D4 receptor (Drd4 ), which are selectively involved in spatial frequency threshold and contrast sensitivity, respectively (Jackson et al., 2012) . We found no significant changes in the transcript levels of Drd1 and Drd4 (Fig. 7 , Table 4 ). Interestingly, we found that L-DOPA treatment led to a significant downregulation of Drd4 transcript levels in DM WT mice (Student's t value: DM WT ϩ L-DOPA ϭ 2.154, p Ͻ 0.05; Fig. 7 , Table 4 ), which was consistent with previous results suggesting DA-dependent regulation of Drd4 expression level (Jackson et al., 2011) .
Selective improvement in visual function with dopamine receptor agonists
Next, we investigated whether activation of DA pathways with selective receptor agonists could reverse visual defects in animals with established diabetes by inducing diabetes in a group of WT mice with STZ and maintaining them for 8 weeks. After 8 weeks of diabetes, we injected the animals with vehicle, D1 receptor (D1R) agonist (SKF38393), and D4 receptor (D4R) agonist (PD168077). We found that DA agonist treatment was able to restore both spatial frequency threshold (F (2,10) ϭ 8.550, p ϭ 0.007; Fig. 8A ) and contrast sensitivity (F (2,10) ϭ 5.321, p ϭ 0.027; Fig. 8B ), but not to the CTRL WT levels. More interestingly, we found that administration of D1R agonist only improved spatial frequency threshold, whereas administration of D4R agonist only improved contrast sensitivity. These findings replicate those of Jackson et al. (2012) in normoglycemic animals and suggest that diabetes does not alter the distinct roles of D1R and D4R on visual function. More importantly, these results indicate that treatments targeting the dopaminergic system could be beneficial to patients with established diabetes.
Discussion
We conducted noninvasive functional assessments in diabetic rodents and postmortem analyses of the dopaminergic pathways in retinal tissues to examine the overall role of retinal DA in early visual deficits due to diabetes. We found that diabetes produced retinal DA deficiency and that pharmacologic replacement of DA or stimulation of DA receptors ameliorated diabetes-associated visual dysfunction.
Dopamine deficiency in diabetes
In accordance with previous studies (Trulson and Himmel, 1983; Nishimura and Kuriyama, 1985) , our data show reduced retinal DA contents in both DM rats and mice as early as 4 -5 weeks after STZ (Figs. 1, 2) . Dysregulation at multiple sites of DA metabolic processing has been postulated to reduce DA abundance, but published results show inconsistencies. First, it is possible that retinal DA reduction in diabetes originates from decreased biosynthesis. Several studies have documented diminished L-DOPA accumulations in diabetic retinas with normal activity levels of TH, thereby concluding that DA deficiency is due to reduced tyrosine level in the retina (Fernstrom et al., 1984 (Fernstrom et al., , 1986 . However, others indicate that DA alteration is due to decreased TH activity, leading to reduced rate of tyrosine hydroxylation (Northington et al., 1985) . Although the Th transcript levels did not change due to diabetes in the present study (Fig. 7, Table 4 ), some studies have suggested that retinal TH protein levels are downregulated (Seki et al., 2004) , presumably from increased posttranslational processing of the TH proteins or apoptotic loss of dopaminergic neurons (Gastinger et al., 2006) . These inconsistencies may be attributed to animal strain differences, variable glycemic controls, or different durations of hyperglycemia across studies (Kirwin et al., 2009; Kern et al., 2010a; Robinson et al., 2012) . A second plausible mechanism for reduced DA levels in diabetic animals is enhanced turnover of DA. Although we did not measure DA turnover rate directly in this study, we found that metabolism of DA to DOPAC (DOPAC/DA ratio), an indirect assessment of DA turnover (Witkovsky, 2004) , was not altered by diabetes (Figs. 1, 2) . Mitochondrial dysfunction (Kowluru, 2005) and oxidative stress associated with diabetes (Kowluru and Chan, 2007; Sasaki et al., 2010) may also result in enhanced oxidation of DA and render it inactive biologically-a possibility that should be explored in future studies.
Aside from dysfunction of the dopaminergic neurons, disturbances in light transmission and/or retinal circadian clock pathways may alter retinal DA content because retinal DA synthesis and release are tightly regulated by such mechanisms (Iuvone et al., 1978; Doyle et al., 2002) . Because cataract is a common complication of diabetes (Obrosova et al., 2010) , increased opacity of the lens could attenuate light transmission to the retina and thereby impair light-induced upregulation of DA in diabetic retinas. However, we found reduced retinal DA levels starting at 4 weeks after STZ (Fig. 1A) , before significant development of cataract, at 6 weeks in STZ-induced diabetic rats (Aung et al., 2013) . Moreover, despite the lack of cataract development in our STZ mice at the 5-week time point, we still found reduced retinal DA levels in these mice (Fig. 2) . Therefore, diminished light input is not a likely contributing factor for early diabetes-induced retinal DA deficiency. In regard to altered circadian clocks underling DA deficiency in diabetes, studies have shown that both retinal and Figure 8 . Distinct improvement in OKT responses of 8-week DM WT mice (n ϭ 7) after treatments with selective dopamine receptor agonists. A, Spatial frequency thresholds of DM WT mice improved significantly when treated with D1 receptor agonist ( post hoc analysis, p Ͻ 0.01). Treatment with the D4 receptor agonist failed to improve spatial frequency thresholds. B, Conversely, DM WT mice showed significantly enhanced contrast sensitivity levels only when treated with D4 agonist ( post hoc analysis, p Ͻ 0.05). However, neither treatment restored visual functions (spatial frequency threshold and contrast sensitivity) of DM WT mice to CTRL WT levels, indicated by the dashed lines with their variance (Ϯ SEM) represented by gray boxes. Note that the y-axis does not start at zero; it is modified to more clearly show the differences between treatment groups.
peripheral circadian clocks are dysfunctional in diabetic animals (Young et al., 2002; Herichová et al., 2005; Busik et al., 2009; do Carmo Buonfiglio et al., 2011) and mice with circadian clock mutations recapitulate diabetic phenotypes (Marcheva et al., 2010; Doi, 2012; Bhatwadekar et al., 2013) . Therefore, further research is warranted to explore how abnormal circadian pathways in a diabetic retina can lead to alterations in the dopaminergic system and to elucidate other potential upstream mediators (e.g., oxidative stress, inflammation, vascular dysfunction) that can lead to DA deficiency.
Dopamine deficiency and visual deficits
Our data suggest that disruptions in the retinal dopaminergic system due to diabetes produce profound visual deficits. Not only does the onset of DA reductions coincide with the onset of visual defects, the results from L-DOPA and DA receptor agonist treatments provide evidence for the causal role of DA deficiency in visual loss in early-stage DR. These results are consistent with studies on multiple disorders with known abnormalities in dopamine signaling, such as Parkinson's disease and retinitis pigmentosa, that have been shown to develop visual deficits (Brandies and Yehuda, 2008; Bodis-Wollner, 2009 ). However, visual symptoms in disorders that involve the brain may not be completely due to local effects of retinal DA deficiency because DA is involved in multiple levels of mammalian visual processing, including the thalamic and cortical relays. In addition, examining visual defects in retinitis pigmentosa models due to depressed retinal dopaminergic system is complicated by the severe vision loss associated with photoreceptor degeneration (Nir and Iuvone, 1994; Brandies and Yehuda, 2008; Atkinson et al., 2013) . Therefore, our findings, especially with the retinal-specific ERG results and the use of rTHKO mice, corroborate the role of diminished retinal DA bioavailability in visual dysfunction. The effect is unlikely due to degeneration of retinal neurons because the examined time points were before reports of retinal degeneration in diabetes (Martin et al., 2004; Kern et al., 2010b; Villarroel et al., 2010; Barber et al., 2011) . Furthermore, no evidence of retinal degeneration was observed due to deletion of Th in the original characterization of the rTHKO mice (Jackson et al., 2012) . However, the loss of retinal DA in these mice was incomplete. The retinal DA levels and the numbers of TH-positive cells in the rTHKO mice were ϳ10% of wild-type controls (Jackson et al., 2012) , similar to the DA levels observed in the present study (Table 3) . Therefore, there may be a small number of dopaminergic amacrine cells in which the gene was not disrupted, resulting in a low level of Th expression ( Fig. 7) . It is unknown whether complete elimination of retinal DA would have a more severe effect on cell survival, retinal function, and ultimately visual function. Nonetheless, examination of the potential neuroprotective effects of chronic activation of DA pathways in a diabetic retina would be interesting because some studies have found that stimulation of DA pathways, especially through D1R activation, could protect retinal neurons from injury due to oxidative stress or glutamate neurotoxicity under in vitro conditions (Kashii et al., 1994; Yamauchi et al., 2003; Li et al., 2012) .
How, then, does DA deficiency lead to visual deficits? Jackson et al. (2012) reported that the global effects of DA on vision are mediated through actions of D1 and D4 receptors, possibly by uncoupling gap junctions in distinct retinal neurons. D1Rs are expressed on horizontal cells, where their activation uncouples electrical synapses and restricts current flow between these cells. Horizontal cell uncoupling may narrow the ganglion cell centersurround receptive field and thereby produce sharper visual acu-ity (Witkovsky, 2004; Bloomfield and Völgyi, 2009 ). Therefore, a diabetes-mediated attenuation of DA signaling through D1Rs could expand the receptive fields of ganglion cells and lead to lower spatial frequency thresholds (Jackson et al., 2012) . Conversely, D4Rs are localized to photoreceptors, where the binding of DA to the receptor limits the transmission of signals between rods and cones via electrical synapses (Witkovsky, 2004; Bloomfield and Völgyi, 2009 ). Therefore, a decrease in D4R activation could enhance coupling of rods and cones and result in shunting of cone signals into rod pathways. Under rod-saturating, lightadapted conditions, this could diminish contrast sensitivity (Jackson et al., 2012) . However, it is important to recognize the possibility of diabetes altering melatonin (Hikichi et al., 2011; do Carmo Buonfiglio et al., 2011) , a neuromodulator with a reciprocal and antagonistic relationship to DA, which may potentiate the effects of DA reduction on visual deficits (Tosini et al., 2012) . Although the mice used in the study were on the C57BL/6 background with minimal melatonin synthesis, future testing should be conducted to understand the contributions of dopaminemelatonin interactions to visual dysfunction in diabetes. Furthermore, although Drd1 and Drd4 transcript levels were not affected by diabetes in our model (Fig. 7, Table 4) , it is still possible that dysregulation in the protein or activity levels of DA receptors could augment the effects of DA deficiency on vision.
Diabetes-induced dopamine deficiency and clinical relevance
In conclusion, we found that reduced retinal DA content is an underlying factor for the early visual deficits observed in DR. These data support our previous hypothesis that dysfunction in the neural retina due to diabetes is a contributing factor to visual dysfunction because L-DOPA treatment significantly improved retinal function and thereby vision. Importantly, our results have translational relevance because we discovered that restoring DA levels (L-DOPA) or activating DA pathways (DA receptor agonists) in the retina may serve as therapeutic interventions for early-stage DR. Last, exploring how DA deficiency may underlie other diabetes-associated neuropathies and understanding why dopaminergic neurons are one of the retinal cell types susceptible to these diabetic insults may reveal new therapeutic avenues for DR and other disorders that involve dopamine deficiency.
